The objective of this study was to conduct the musculoskeletal simulation and the EMG (Electromyogram) measurement for the same trial of the same swimmer performing the breaststroke, and to compare the simulated and measured results, in order to discuss the validity of the musculoskeletal simulator for swimming, which was developed in the previous study. In the experiment, two subject swimmers swam in a circulating tank. The swimming motions were captured by two cameras for the underwater motion and two other cameras for the motion above the water. The EMG were simultaneously measured for eight muscles: triceps brachii, biceps brachii, pectoralis major, latissimus dorsi, deltoid, rectus femoris, biceps femoris, and tibialis anterior. The measured swimming motions were used as the inputs in the simulation. As a result of the comparison between the simulation and experiment, it was found that the performance of the simulation was satisfactory. The simulation could estimate the peak timing as well as the curve shape of the actual muscle activity except for the excessive activation and the biarticular muscle. In addition, the differences in muscle activity due to the subject found in the experiment were sufficiently reproduced by the simulation.
Introduction
Swimming is a full body motion in which both upper and lower limbs, as well as the trunk, simultaneously move in complicated manners. The muscles of the whole body are recruited in order to realize such motions. The muscle activity in swimming has been investigated by many researchers experimentally. Early-stage research during the 60's and 70's was reviewed in the reference (1) . In the 90's, Pink et al. (2) measured the activities of 12
shoulder muscles in competitive swimmers from the viewpoint of injury prevention. In these experiments, the EMG (Electromyogram) was measured for the subject swimmers. However, these measurements were conducted for the purpose of research. Indeed, the EMG measurement is very difficult to conduct for ordinary athletes and coaches. In addition to this difficulty, the surface EMG, which is often used for the experiment, can only measure the activities of the muscles located near the body's surface. On the other hand, the underwater filming technique, which enables one to measure the underwater swimming motion, recently has progressed. Therefore, if the muscle activity during swimming can be estimated only from the swimming motion, it will provide useful information for the athletes and coaches. The musculoskeletal simulation is becoming a popular method in the research field of biomechanics to estimate muscle activity from body motion (3) . This method can provide information about the muscle activities according to joint motions not only for the muscles located near the body's surface, but also for muscles deep inside the body. In order to estimate the muscle activity by the musculoskeletal simulation, the external forces acting on the human has to be put into the simulation. However, it is difficult to estimate the fluid forces acting on the swimmer during swimming. Nakashima et al. (4) developed the swimming simulation model SWUM, by which the fluid forces acting on the swimmer can be obtained as the outputs. Many applications of the simulation model including the validations were made (5)- (11) . In addition, Nakashima and Motegi (12) developed the full body musculoskeletal simulator for swimming by integrating SWUM and the musculoskeletal simulation software. Using the developed simulator, Nakashima and Motegi (13) conducted the musculoskeletal simulation for the four swimming strokes, that is, the crawl, breast, back and butterfly strokes. In these studies, the simulated muscle activities were compared to those of the EMG measurement for the shoulder muscles in the crawl stroke. Although reasonable results could be obtained, the simulation and the experiment were conducted separately for the different subject swimmers. The objective of this study was to conduct the musculoskeletal simulation and the EMG measurement for the same trial of the same swimmer, and to compare the simulated and measured results in order to discuss the further validity of the musculoskeletal simulator for swimming. The breaststroke was chosen as the target swimming stroke in this study. The reason for choosing the breaststroke was that the swimming motion in the breaststroke is particularly complicated and therefore technically difficult, and that the underwater motion recording and the EMG measurement are easy due to the symmetry of the motion, unlike the crawl stroke and backstroke.
The simulation method is described in § 2. The experimental method is explained in § 3. The results and discussion are shown in § 4. The main findings obtained in this study are summarized in § 5.
Simulation Method

Overview
The flow of musculoskeletal simulation in the present study is shown in Fig. 1 . This method was developed by Nakashima and Motegi (12) and named the full body Fig. 1 Flow of musculoskeletal simulation musculoskeletal simulator for swimming. The swimming human simulation model SWUM and AnyBody Modeling System (Anybody Technology Inc., Aalborg) were respectively employed for the calculation of the fluid force and the muscle activity. First, the body geometry and body motion of a swimmer are put into SWUM. The fluid force acting on the swimmer is calculated and output by SWUM. The body geometry and body motion are converted into appropriate formats for AnyBody. By inputting all of these data into AnyBody, the muscle activity of the swimmer is calculated and output by AnyBody. The details of the calculation of the fluid force and the muscle activity are respectively described in the following sections.
Calculation of fluid force
In SWUM, the fluid force is assumed to be the sum of the inertial force due to the added mass of the fluid, normal and tangential drag forces, and buoyancy. These components are assumed to be computable, without solving the flow, from the local position, velocity, acceleration, direction, angular velocity, and angular acceleration for each part of the human body at each time. The coefficients in this fluid force model were identified using the results of an experiment with a limb model and measurements of the drag acting on swimmers taking a glide position in the previous studies (4) . As a result of the identification, the fluid force model was found to have satisfactory performance. For the simulation example of the six-beat crawl stroke in the previous study, the swimming speed of the simulation became a reasonable value, indicating the validity of the simulation model. It should be noted that SWUM was used for the entire inverse dynamics calculation in the present study. Although it originally had a function to obtain the whole body movement by solving the equations of motion for the swimmer's whole body, this function was not used and the whole body movement was given as the input. The reason for this was that the objective of this study was to examine the accuracy of the musculoskeletal simulation.
Calculation of muscle activity
The musculoskeletal model has 581 muscles modeled as wires. The distributed fluid forces acting on the swimmer are input into AnyBody as external forces. The joint torques are calculated in AnyBody, taking the external forces and inertia of the human body itself into account. The muscle forces are obtained by solving the equilibrium equations for the joint torques. In this calculation, some algorithm to determine the distribution of the muscle forces is necessary since the musculoskeletal system is highly redundant, that is, the distribution cannot be determined only from the equilibrium equations. In the present study, the Min/Max Criterion (14) was employed for this algorithm. In this criterion, the maximum among all values of the muscle activation is minimized. Rasmussen et al. (14) claimed that this algorithm is reasonable from the physiological viewpoint and efficient in computation. An improvement in the musculoskeletal model was made in the present study. In the original model, the ranges of motion for the joints were not taken into account. This lack of consideration may cause problems in the calculation of the muscle activity for the case where the joint is relaxed (the muscles are not activated) and the joint angle reaches its limit, such as the ankle joint during the down-kick in the crawl stroke. The ranges of motion can be represented as the joint passive resistance. Therefore, the joint passive resistance was incorporated into the joints of the shoulder, elbow, wrist, hip, knee and ankle. The joint passive resistance was represented as a moment in the exponential function of the joint angle. For example, the joint passive resistance for the elbow joint is expressed by: 
Experimental Method
Experimental setup
The experiment in the present study was conducted at the circulating water tank facility in the University of Tsukuba. The experimental setup is schematically shown in Fig. 2 . The dimension of the measurement volume of the water tank was 4.0m length, 2m width and 1.2m depth. Two side view cameras were located at the side of the water tank in order to record the underwater motion of the swimmer from the side. Two top view cameras were located at the top of the water tank in order to record the motion above the water. For the calibration of the motion capture system, the calibration poles shown in Fig.3 were located at the positions shown in Fig. 2 , and the images of the poles were recorded.
Subjects
The subject swimmers were two well-trained collegiate male athletes. The stature and weight of the subject swimmers were shown in Table 1 . In order to acquire the body geometry of the subject swimmers, images of them in several positions were taken by a digital still camera. For the motion capture, markers were attached to the anatomical feature points of the subject swimmers as shown in Fig. 4 . Examples of captured images are shown in Fig. 5 .
EMG
In order to measure the muscle activity during swimming, an electromyogram measurement system (EMG-025, Harada Electric Corporation, Sapporo) was used. Eight plate electrode sets were attached to the skin surface of eight muscles: triceps brachii, biceps brachii, pectoralis major, latissimus dorsi, deltoid, rectus femoris, biceps femoris, and tibialis anterior. These locations are shown in Fig. 6 . All electrodes were attached to the left side of the subject swimmers. In order to prevent invasion of the water into the plate electrode, the electrodes were carefully attached with waterproofing tape and liquid-type adhesive plaster. The signals output from electromyogram measurement system were recorded by a data logger (NR-2000, Keyence Corporation, Osaka). For the synchronization of the data logger and motion capture system, the luminescence of LED of the data logger was captured by the camera of the motion capture system. In order to normalize the output signals, the EMG signal for MVC (Maximum Voluntary Contraction) of each muscle was 
Experimental conditions
The subject swimmers were asked to swim in the water tank at the same average velocity as the flow of the tank. The swimming velocities (flow velocities) and the resultant stroke cycles are shown in Table 1 . These velocities were lower than the full-strength velocity, but higher than the comfortable relaxed velocity for the subjects.
Data processing
The marker points in the captured images were manually digitized. From the digitized marker points, the three-dimensional coordinates of the marker points were calculated by the use of motion analysis software (Pc-MAG, OKK Inc., Tokyo). The body motions (joint angles and the whole body movements) were calculated from the three-dimensional coordinates of the marker points.
The EMG raw data were filtered by a 20-500Hz band-pass filter. The filtered data were rectified by taking their absolute values and filtered again by a 10Hz low pass filter. Finally the %MVC values were computed from normalizing the values by the values obtained in the MVC test.
Results and Discussion
The animation images in the musculoskeletal simulation are shown in Fig. 7 . The time t * is the nondimensional time which is normalized by the stroke cycle. With respect to the body motion, it was found that subject A swam compactly while subject B swam more dynamically. Indeed, the pulling motion by the hands (t * = 0.375) of subject B were larger than those of subject A. The muscle wires are represented with their volume like actual muscles in the lower half of the body. In the upper half of the body, on the other hand, the muscle wires are represented as simple lines without volume in order to make them easier to be seen when they overlap each other. Both for the upper and lower halves of the body, the The simulated and experimental results of muscle activity for the triceps brachii and biceps brachii are shown in Fig. 8 and 9 , respectively. In these graphs, the abscissa is the nondimensional time. The ordinate is the muscle activity for the simulation, and %MVC for the experiment. The triceps brachii contributes to keeping the elbow extended during the glide phase as well as the early pull phase. The peak timings of the simulated muscle The results of the pectoralis major and latissimus dorsi are shown in Fig. 10 and 11, respectively. Both muscles contribute to the adduction of the upper arms during the pull phase. The peak timings of the simulated muscle activity were mostly consistent with the experimental ones, although those for subject B were slightly earlier.
The results of the deltoid are shown in Fig. 12 . The deltoid contributes to the abduction of the upper arms during the recovery, kick and glide phases. For subject A, the muscle was activated during the recovery, kick and glide phases both in the simulation and experiment, although the activation during the recovery in the simulation was smaller than that in the experiment. For subject B, on the other hand, the muscle in the experiment was apparently activated during the kick and glide phases, while it was not activated in the simulation. The possible reason for this is that the deltoid in the experiment was excessively activated to firmly keep the gliding position. In principle, the musculoskeletal simulation cannot estimate such excessive activation since it calculates the minimum (most efficient) muscle activation.
The results of the rectus femoris are shown in Fig. 13 . The rectus femoris contributes to the hip flexion during the recovery phase as well as the knee extension during the kick phase. Such a muscle is called the 'biarticular muscle.' Although both simulated and experimental values had peaks during the recovery and kick phases, the peak timings in the simulation were slightly later than those in the experiment. This suggests that the muscle was activated mainly for the hip flexion in the experiment while it was activated mainly for the knee extension in the simulation. Therefore, it can be concluded that there is a room for improvement in the muscle activation estimation algorithm for the biarticular muscles. , t * , t * simulation and experiment. This suggests that the biceps femoris is not used actively in the breaststroke. However, there was a small peak in the kick phase for subject A only in the simulation. The possible reason for this is due to the problem related to the biarticular muscle, which is the same as for the biceps femoris. The results of the tibialis anterior are shown in Fig. 15 . The tibialis anterior contributes to the foot dorsi-flexion during the recovery phase. There were broad peaks throughout the recovery and early kick phases in the experiment. Similar tendencies could be found in the simulation.
To summarize the results of the comparison between the simulation and the experiment, the performance of the simulation was satisfactory. The simulation could estimate the peak timing as well as the curve shape of the actual muscle activity except for the excessive activation and the biarticular muscle.
In terms of the difference in muscle activity between each subject, it was found that subject A used the muscles of the upper half of the body for a longer period than that of subject B, as shown in Figs. 8, 9, 10 and 11. Indeed, the muscle activations for these muscles of subject A in the experiment ranged from the early glide phase to the pull phase. On the other hand, the muscle activations of subject B in the experiment were concentrated at the end of the pull phase. As shown in the figures, these characteristics were sufficiently reproduced by the simulation. This suggests that the musculoskeletal simulation can estimate how the swimmer uses their muscles during swimming. Since it is difficult to estimate the period and curve shape of the muscle activation from the video images, this capability clearly shows the effectiveness of the musculoskeletal simulation.
The absolute magnitude of the muscle activity was not discussed in this paper. As shown in Figs. 8 to 15 , the muscle activity often rose over 100% (over 300% in some cases) at the peaks. With respect to the simulation, the simulated curves had many sharp spikes. This problem may be solved by more quantitative investigation. With respect to the , t * , t * experiment, the muscle activity over 100% was possible since the muscle activations during swimming were basically for very short period, while those during the MVC test were for a much longer period (an average of 5 seconds). However, in order to conduct a more quantitative discussion, some more accurate measurement method will be necessary for the experiment as well. In addition to these, the further discussion about the relationship between the muscle activity in the simulation and the %MVC in the experiment will be necessary. They were directly compared in the present study. However, in order to discuss more quantitatively, more precise physiological model for the muscle activation to correlate them will be necessary.
Conclusions
In this study, the musculoskeletal simulation and the EMG measurement of the breaststroke were conducted for the same trial of the same swimmer. The simulated and measured results were compared in order to discuss the validity of the musculoskeletal simulation. As a result of the comparison, it was found that the performance of the simulation was satisfactory. The simulation could estimate the peak timing as well as the curve shape of the actual muscle activity except for the excessive activation and the biarticular muscle. In addition, the difference in muscle activity between the two subjects found in the experiment was sufficiently reproduced by the simulation.
